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Synopsis
In this paper, the analysis of transient per-
formance of two-phase induction motor driven by a voltage
source inverter with current limiter is described.
The motor is represented by using a two-axis model, that
is, the Kron primitive machine. The state equations of
mechanical-electrical system are derived. The
calculation method with a discrete point of time is
employed in order to decrease the CPU time of computer.
The calculated results gained from this method agree
well with the measured. Then, with the aid of this
analytical method, the discussions on transient
performance of this system are also performed.
1. Introduction
An induction motor has many strong points, e.g. a simpler and
firmer construction, and then easy maintenance, compaired with a DC
motor. Its variable speed control system by means of a variable
frequency power converter is going to take the place of DC motor
driving system. From a view of saving energy, it has attracted
special interest recentlyl) •
A two-phase induction motor, e.g. a condenser motor, is available
for a small capacity one. However, when a two-phase induction motor
is driven by a voltage source inverter, a peak waveform of current
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flows through the inverter circuit and motor windings. Therefore, for
the sake of protection of power transistors in the inverter circuit
and reduction of capacity of its driving circuit, it is necessary to
suppress a peak value of current. Then, the effects of current limiter
on the steady state characteristics have been discussed2). In this
Literature, the limit of peak value of current is found to be
effective for not only the countermeasure mentioned above but also
the improvement of motor characteristics in the steady state. And
also, it is necessary to discuss the effect of current limiter on
the transient performance when the motor speed is varied.
In this paper, the transient performance analysis of two-phase
induction motor driven by a voltage source inverter with current
limiter is described. In this analysis, the motor is represented by
the Kron primitive machine 3), and the state equations of mechanical-
electrical system are derived. Thus, the calculated results closely
agree with the measured. Therefore, this analysis method is found to
be very useful for the discussion of transient performance. Then,
with the aid of this analytical method the transient performance is
discussed.
2. Driving System of Two-Phase Induction Motor
2.1 Voltage Source Inverter
The voltage source inverter driving a condenser motor as a two-
phase induction motor is shown in Fig.l. Two square waveform voltages
with n/2 displacement are impressed to the main winding and the
auxiliary winding of this motor, respectively. At the same time the
thyristors are fired in order that V If may be constant. Where, V
m m
is the voltage of the main winding and f is the inverter frequency.
The current limiter in this system limits the peak value of currents
through the main winding and the auxiliary winding, and each limiting
value is independent.
2.2 Control Method
The control block diagram in this system is shown in Fig.2.
The inverter frequency is decided by the speed command signal. The
transistor base signals of main and auxiliary winding are with n/2
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M: main winding
Sh A: auxiliary
winding
Fig.l. Inverter Circuit.
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Fig.2. Block Diagram of Control Circuit.
displacement.
As mentioned above, the current limiter limits the peak value of
current so as to be constant. Namely, when the current reaches its
limiting value, the transistors in the lower arm of inverter circuit
are open during a definite period of time (=~toff) and during this
period the current circulates through a motor winding, diodes, and
a transistor. Then, the current value is detected by the shunt
resistor. The thyristors in the converter circuit are fired so that
V If may be constant.
m
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3. Performance of Motor Driving System
3.1 Performance of System
The voltage and current waveforms in this system are shown in
Fig.3. The motor available here is a condenser motor and has the
performance of unbalance two-phase induction motor. To make its
performance clear, the idealized waveforms shown in Fig.4 are
considered. In this figure each value in the motor windings is as
follows:
v C + 2VDdrop (1)
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v = V + 2VL Trdrop Ddrop ( 3)
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where, Vc is the condenser voltage, VTrdrop and VDdrop are the
forward voltage drops in transistor and diode, respectively.
After the transistors T
r2 and Tr4 are closed at time a, the current
through the motor winding increases. When the current reaches the
current limiting value (time b), the transistor T
r4 is open. However,
the transistor T
r1 remains closed, and then the current circulates
through a motor winding, diodes, and a transistor (between time band
e). The off time of transistor T
r4 , ~toff' is fixed to be constant.
Furthermore, the transistor T
r4 is closed again at time e and then
the current increases. After then, the operations mentioned above are
continued till time f and the peak value of current is limited to be
constant.
The transistors T
r1 and Tr4 are open at time f. The current
circulates through a motor winding, diodes, and a condenser and
decreases to be zero at time g.
After time g the motor winding is electrically separeted from this
circuit and the induced voltage from the rotor occurs accross the
motor winding.
3.2 states of Inverter Circuit
In this section the states of inverter circuit are clarified
according to the performance of two-phase induction motor mentioned
in the previous section. The circuit in the main winding has four
sorts of state on account of transistor switching.
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A: Transistors Tp1 and Tp4 (or, Tp2 and T p3 ) are closed.
B: The current limiter operates, that is, a transistor T p4 (or T p3 )
is open.
C: All transistors are open and the current flows through diodes.
D: The current doesn't exist.
In the auxiliary winding circuit four states exist as well as the
main winding. These states are illustrated in Fig.5.
4. Analysis of Transient Performance
Fig.6. Kron Primitive Machine
of Two-Phase Induction Machine.
4.1 Equivalent Circuit and State
Equation of Two-Phase Induction
Motor
The equivalent circuit of two-
phase induction motor is sho~~ in
Fig.6. As illustrated the cage rotor
is replaced on d-q axis with the
balanced two-phase windings. Then,
the performance of this circuit is
divided into four modes in accordance
with the main winding current and the
auxiliary winding current. The
equation in each mode is as follows:
(1) MODE I (i #0, i #0)
m a
d .
<1--tm
1-
])m
-It
~
tq
m : main winding
a. : auxiliary
winding
y: rotor
o
Ra+Dap
-M wq
MqP
o i
m
i
a
i q
(4)
(2) MODE ]I (i =0, i #0)
m a
v
a
o
o
o M Pq
-L wp
i q
(5)
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The induced voltage from the rotor is as follows:
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e = Ma (pi a) •m
(3) MODE m (i ~O, i =0)
m a
[ vm ] r Rm+Lm' MaP 0 i m
o = l MaP Rr+LrP -L W i al 0 MaW rL W Rr+LrP ir a (6)
The induced voltage from the rotor is as follows:
e M (pi).
a q q
(4) MODE N (i =i =0)
m a
-L W
r ] [ :: ] (7)
Where, p=a/at, Wi an angular velocity in electrical angle, w=nw ,
r
n; the number of pairs of poles, Wri a rotational angular velocity.
4.2 State Equation in Transient
The torque produced in this motor is defined as follows
(8)
Furthermore, this produced torque TM is related to the load torque
TL and the inertia moment J.
(9)
Using a DC separately excited generator as a load, the load torque
TL is expressed as follows:
(10)
Where, a and b are constants, RAian armature resistance, Ria load
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resistance, and TLOia torque on no-load.
The state equations of mechanical-electrical system in the
transient state are derived from the equations (4)-(10) as follows:
(1) MODE I (i #0, i #0)
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4.3 Assumption in Analysis and Analytical Procedure
The assumptions used in this analysis are as follows:
(1) Electrical system
(1-1) The capacitance voltage in the converter circuit is a constant
DC one.
(1-2) The forward voltage drop in transistors and diodes is
constant.
(1-3) The transistor is a ideal switching element.
(2) Dynamic system
(2-1) The motor constants and the elements of load are fixed.
(2-2) The iron loss is neglected.
(2-3) The torque from a friction is neglected, and the torque on
no-load is constant without the motor speed.
(2-4) The brush voltage drop of the DC generator is constant.
The frequency command in this system is expressed as follows:
t
f = f up + (fo-fup)e-T (15)
Where, f O and f are the frequencies before and after the speedup
variation, and, is a time constant of the control circuit.
t. the period of
'Z.
torque are TMi
assumed to be
In this analysis the next method is taken in order to decrease the
time of computer. Now, it is assumed that at time
inverter is ,., and the motor torque and the load
'Z.
TLi . Furthermore, the time of next calculation is
If there are assumed to be n k half cycles between t. and t., the'Z. J
CPU
the
and
t ..
J
next equations are valid.
, .
'Z.
1 J2 T.dt +wri+1 J wrio 'Z.
'i+l
1 f~ Ti +1dt +wri +2 J wri+1 ,
(16 )
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Tj_l
wpj = ~ J~ Tj_1dt + wpj _1 • J
Where, Tk is an average torque in a cycle, Tk=TMk-TLk' and 'k is
a period of kth cycle. From the equation (16), the next relation is
obtained,
W .
PJ
T
f20W --- = (nk-l)/J Tdt +pi+k W •p-z. (17)
one cycle, T is an average torque
(18)
equals to T. and
-z.
equation (14) is rearranged as follows:
Ti
W • = 2(t.-t.)/JT. fll T.dt + W .•PJ J -z. -z. 0 -z. p-z.
-Where, T is an average period of
between t. and t ..
-z. J _
If it is assumed that T
the
5. Analyzed Results
5.1 Comparison of the Calculated and the Measured
Fig.7 shows the responses in the motor speed and the load torque
TL with the measured and the calculated when the inverter frequency
Fig.7. Transient Response
with the Calculated and the Measured.
N
Rm 1. 020 n
Lm 47.00 mH
Md 45.69 mH
Ra 1.260 n
La 94.77 mH
Mq 64.88 mH
Rp 1. 350 n
Lp 47.00 mH
RA 0.404 n
J 0.0115
Nms 2 /rad 2
Table 1. Circuit Constants.
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is varied from 60Hz to 80Hz at T=3.5. From this figure both results
are coincident well, and this analytical procedure is found to be
appropriate.
In this calculation, however, the fluctuation in motor speed
is observed in several per cent when the inverter frequency reaches
f up • The cause of this performance is considered that the torque
during the acceleration of motor speed is estimated to be large by
using the approximation in the equation (17) when df/dt ~ O. In order
to decrease this fluctuation in motor speed, the calculation period is
set to be small when df/dt ~ O. However, this technique results in
the increase of CPU time. Therefore, it is not on practice in this
analysis.
The circuit constants in this system are shown in Table 1.
5.2 Transient Characteristics
Fig.8 shows the transient response in the -motor speed when the
inverter frequency is varied from 60Hz to 80Hz. Where, duty·M=50 per
cent, duty·A=65 per cent, and the slip in 60Hz is 0.07. As shown in
this figure the accelerative response without the current limiter is
faster than that with the current limiter. So, it is shown that the
motor cannot be accelerated with the current limiter when T is smaller
than 2.5. On the other hand the motor can be accelerated even at T=O.5
without the current limiter.
Fig.9 shows the variation of motor slip in Fig.8. As the time
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Fig.8. Effect of T on Transient Fig.9. Transient Response in Slip.
Response in Motor Speed.
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Fig.ll. Effect of Current Limiting
Value of Transient Response
in Motor Speed.
constant, becomes small, the motor slip increases because of the
fast variation of the inverter frequency. In this figure, the motor
slip is nearly constant at ,=3.5. Fig.lO shows the torque response
with and without the current limiter at ,=1.0 and 0.5, respectively.
Consequently, it is necessary that the motor torque is large
enough to be able to accelerate the motor, especially when the motor
slip is large. That is, the maximum torque is to be large enough for
the motor to be accelerated. However, because the peak value of
current is limited in this system, the maximum torque becomes small.
From a viewpoint of the transient response the system is undesirable
to have the current limiter. Namely, in order to decrease the
transient time, the current limiting value and the duty ratio must be
as large as possible. For example, the transient response in motor
speed with some current limiting values are shown in Fig.ll. From
this figure it is found that the transient time with ImL=lO(A) and
I
aL=12(A) is smaller than that with ImL=IaL=lO(A).
6. Conclusions
The analytical procedure of the speed control of two-phase
induction motor driven by the voltage source inverter with current
limiter is described. Then, with the aid of this analysis the
effects of the limiting value, the duty ratio, and the time constant
of control circuit on the transient characteristics of this system
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are investigated. These results are sumarized as follows:
(1) The two-phase induction motor is represent by the Kron primitive
machine. The state equations of this mechanical-electrical system
are derived. Then, the calculated results of the transient response
by this calculation agree well with the measured.
(2) Due to the reduction of the maximum torque the transient response
time of the system with current limiter becomes longer than that
without current limiter.
(3) If the duty ratio is set smaller, the transeint response time
becomes longer because of the reduction of the maximum torque, that
is, as well as the lowering of the limiting value.
(4) In case of the reduction of the time constant of control circuit
in the system with current limiter, the motor revolution cannot
follow the variation of the inverter frequency and then the motor
stalls. Therefore for these countermeasures it is necessary to make
the limiting value and the duty ratio large.
(5) From the mentioned above, though the characteristics in the
steady state may be improved by limiting the current, from a view of
the transient response the system without current limiter is better.
Therefore, it is necessary to set the adequate value of them in the
steady state and the transient, respectively. In consequent, the
method obtained in this paper is useful for the evaluation of these
factors' effects on the transient performance and the decision of
their app'ropriate values.
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